Abstract: Implantable cardioverter-defibrillator (ICDs), cardiac resynchronization (CRT) and combination (CRT-D) therapy have become an integral part of the management of patients with heart failure with reduced ejection fraction (HFrEF). ICDs treat ventricular arrhythmia and CRTs improve left ventricular systolic function by resynchronizing ventricular contraction. Device therapies (ICD, CRT-D), have been shown to reduce all-cause mortality, including sudden cardiac death. Hospitalizations are reduced with CRT and CRT-D therapy. Major device related complications include device infection, inappropriate shocks, lead malfunction and complications related to extraction of devices. Improvements in device design and implantation have included progressive miniaturization and increasing battery life of the device, optimization of response to CRT, and minimizing inappropriate device therapy. Additionally, better definition of the population with the greatest benefit is an area of active research.
INTRODUCTION
The two main causes of death in patients with heart failure with reduced ejection fraction (HFrEF) are progressive pump failure and sudden cardiac death (SCD). Published trials suggest that 30 to 50% of all cardiac deaths in patients with HFrEF are sudden, with or without preceding symptoms [1] [2] [3] [4] . Sudden death occurs more frequently in patients with less symptomatic HFrEF compared to pump failure death [4] .
In the current clinical management of HFrEF, implantable cardiac devices have become increasingly important for prevention of SCD. However, device therapy is associated with potential complications. Major device related complications include device infection, inappropriate shocks, lead malfunction and complications related to extraction of devices. Despite the potential problems with device therapy as discussed above, the benefits of these devices far outweigh the risks. Multiple prospective clinical trials have firmly established that implantable cardioverter-defibrillators (ICD), cardiac resynchronization therapy (CRT) and their combination (CRT-D) reduce all-cause and cardiac mortality in patients with HFrEF. Additionally, hospitalization is reduced with CRT and CRT-D therapy. This review focuses on the evidence supporting the use of these devices, patient selection, and ongoing efforts at refining device indications and reducing the risk of complications.
ICD THERAPY IN HEART FAILURE WITH RE-DUCED EJECTION FRACTION (HFREF)
Patients with HFrEF are prone to develop ventricular tachyarrhythmia (VA) leading to sudden cardiac death.
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SECONDARY PREVENTION ICD TRIALS
The benefit of ICDs was first studied in survivors of SCD. Although few out-of hospital cardiac arrest patients survive to hospital discharge, this patient population is at high risk for recurrent events. The Antiarrhythmics Versus Implantable Defibrillators trial (AVID), [5] the Canadian Implantable Defibrillator Study (CIDS) [6] and the Cardiac Arrest Study Hamburg (CASH) [7] enrolled patients with aborted SCD or patients with ventricular arrhythmias in the setting of reduced left ventricular ejection fraction (LVEF) ( Table 1 ). The AVID trial was stopped early due to the benefit of ICD therapy over amiodarone. There was a 5.5% absolute risk reduction in all-cause mortality and a 3.6% absolute risk reduction in arrhythmic deaths. Although the CASH and CIDS trials were relatively underpowered to assess the reduction in all-cause mortality, they, still, showed consistent absolute risk reductions in arrhythmic death (3.6% and 1.5%, respectively). In a metaanalysis of these three randomized, prospective secondary prevention trials, there was a 28% relative reduction in all cause mortality and a 50% reduction in SCD in patients receiving ICDs [8] . Patients with LVEF < 35% derived the most benefit, hazard ratio 0.66 (95% CI 0.53-0.83) [8] and overall the number needed to treat to save a life per year of follow-up was 29 [9] . These trials firmly established the benefit of ICDs over amiodarone as secondary prevention.
Subgroup analysis of these studies showed that the benefit of ICD therapy was largely restricted to patients with a lower LVEF. A subgroup analysis of 396 patients in the AVID trial with LVEF >35% failed to show a survival benefit. In addition a smaller group of 140 patients in this study with LVEF <20% did not show a statistically significant survival benefit. This was in contrast to the 473 patients with LVEF between 20% and 34% who had significantly improved survival with an ICD [10] . Similarly, in the CIDS trial the benefit of ICD therapy was restricted to the patients with high risk features (age >70 years, LVEF <35% and NYHA class III or IV) [11] .
PRIMARY PREVENTION ICD TRIALS
Because the meta-analysis and further subgroup analysis of the secondary prevention trials showed the benefits were largely restricted to patients with lower LVEF, investigators were interested in whether patients with low LVEF without documented VA would benefit from ICDs. Patients with HFrEF are a larger group of patients who are at a high risk of SCD based on epidemiological studies, but are at lower risk than patients who have survived a ventricular arrhythmia. The primary prevention trials included patients with an LVEF <30-40%. Population characteristics and NNT are presented in Table 1 . With the exception of implantation in close temporal proximity with coronary artery bypass surgery [12] or acute myocardial infarction [13] , patients receiving ICD therapy for primary prevention live longer. These findings hold for both ischemic [14] [15] [16] [17] and nonischemic etiologies [17, 18] .
A meta-analysis of the primary prevention trials analyzing 5343 ischemic and non-ischemic patients with HHrEF showed a reduction in both arrhythmic deaths (relative risk: 0.40; 95% CI: 0.27-0.67) and all-cause mortality (relative risk: 0.73; 95% CI: 0.64-0.82). The benefit of ICD therapy was similar in ischemic (relative risk: 0.67; 95% CI: 0.51-0.88) and non-ischemic (RR: 0.74; 95% CI: 0.59-0.93) patients [19] . Although overall mortality for both men and women was similar (HR 0.96, 95% CI 0.67-1.39), women received appropriate ICD therapy less frequently compared to men (HR 0.63, 95%CI 0.49-0.82) and hence received less benefit from defibrillator therapy [20] . Another meta-analysis of primary prevention ICD trials showed a smaller benefit of ICD therapy in women with dilated cardiomyopathy compared to men. Despite increasingly older patients being the target group for ICD therapies, the majority of patients in these larger trials were younger. Two meta-analyses have suggested a benefit of ICD therapy in older patients [21, 22] .
NEW DIRECTIONS IN RISK STRATIFICATION OF HEART FAILURE PATIENTS FOR SCD PREVEN-TION:
Despite the proven benefit of prophylactic ICD therapy in HFrEF patients, the incidence of potentially lifesaving defibrillator therapy is relatively low. Only 14% of patients in the Multicenter Automatic Defibrillator Implantation Trial (MADIT II) and only 21% in the Defibrillators in Non-Ischemic Cardiomyopathy Treatment Evaluation (SCD-HeFT) received appropriate ICD therapy. Because these studies relied on LVEF, investigators continue to search for a set of predictors to better differentiate between high and low risk patients. Data from MADIT II suggests that allocating risk scores using blood urea nitrogen, age, presence of atrial fibrillation and QRS duration may contribute to a better prediction model and may help physicians recommend ICD implantation in the patients who may derive the most benefit [23] .
CARDIAC RESYNCHRONIZATION THERAPY (CRT)
A large subgroup of patients with HFrEF exhibit cardiac dyssynchrony, the delayed contraction of the lateral left ventricular wall compared with the septum, which is usually associated with conduction abnormalities. Resynchronizing the septum and lateral left ventricular walls is the goal of cardiac resynchronization therapy (CRT). In a series of heart failure patients with severe LV systolic dysfunction, more than half had significant electrocardiographic LV dyssynchrony qualifying for CRT by current criteria [24] . Initially small clinical trials showed a benefit in left ventricular remodeling with improvement in LVEF and reduction in LV size. The benefit is most profound in patients with a left bundle branch block with a QRS duration of >150 msec. Subsequent larger trials have demonstrated an outcome benefit. ( Table 2 ). However, approximately one-third of patients who receive CRT devices do not benefit symptomatically. There are ongoing efforts to better discriminate responders from non-responders and direct implants to patients who will receive the most benefit.
CRT TRIALS

Moderate to Severe Heart Failure
The initial trials of CRT were conducted in patients with severe LV systolic dysfunction and NYHA functional class III and IV. These studies demonstrated improvement in functional capacity (evaluated by 6-minute walk test), peak oxygen consumption, NYHA functional class and quality of life [ [25] [26] [27] [28] [29] [30] . Additional studies evaluating echocardiographic outcomes showed improvements in LVEF and reductions in LV volumes and dimensions [31, 32] .
The pivotal Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure (COMPANION) trial showed a mortality benefit of CRT combined with an ICD in patients with moderate to severe heart failure. A total of 1520 patients with class III or IV heart failure and an LVEF < 35% were enrolled and randomized to optimal medical therapy, CRT alone (CRT-P), or CRT-D. There was a significant reduction in the combined end point of mortality or HF hospitalization by 34% (p<0.002) and 40% (p<0.001) in patients receiving biventricular pacing only (CRT-P) and biventricular pacing plus defibrillator (CRT-D), respectively, as compared to patients receiving optimal pharmacological therapy alone [33] . Total mortality was significantly reduced only in the CRT-D group. In the Cardiac Resynchronization-Heart Failure (CARE-HF) study, 409 patients who received CRT alone had a lower mortality from any cause or unplanned hospitalization for a major cardiovascular event (39% vs. 55%, hazard ratio 0.63, 95% CI 0.51-0.77; p<0.001). Total mortality was also significantly reduced. Additionally, patients in the CRT group had a reduction in inter-ventricular mechanical delay, a reduction in LV end-systolic volume index, a reduction in mitral regurgitation, an increase in LVEF, and an improvement in symptoms and quality of life [34, 35] .
Less Severe Heart Failure
The Multicenter Automatic Defibrillator Implantation Trial with Cardiac Resynchronization Therapy (MADIT-CRT) trial studied 1820 patients with NYHA functional class I or II, LVEF ≤30% and QRS duration ≥ 130 msec. Largely due to a reduction in heart failure events, the composite end point of all-cause mortality and nonfatal heart failure events was 34% less in patients with CRT-D compared to ICD alone [36] . Similarly, the REsynchronization reVErses Remodeling in Systolic left vEntricular dysfunction (REVERSE) study also enrolled patients with NYHA class I or II heart failure, but with an LVEF ≤40%, QRS duration of ≥120 ms and LV end-diastolic diameter ≥33 mm. Although there was no difference in the primary composite clinical end point after one-year, there was significant LV reverse remodeling with a reduction in LV end-systolic and end-diastolic volumes and a significant delay to first heart failure hospitalization. In a subgroup of these patients who had 2 years of follow up, there was significant decrease in the combined endpoint of heart failure hospitalization or death [37] . The Resynchronization-Defibrillation for Ambulatory Heart Failure Trial (RAFT) study enrolled patients with slightly more severe heart failure but the majority were NYHA functional class II (80%). Patients also had an LVEF ≤30%, and QRS prolongation (intrinsic ≥120 ms, paced ≥200 ms). The benefit of CRT included a significant decrease in all-cause mortality or heart failure hospitalization in the CRT group as compared to the control group (33.2% vs. 40.3%; hazard ratio 0.75, 95% CI 0.64-0.87, p≤0.001) [38] .
CRT has also been shown to be beneficial in preventing the progression of LV systolic dysfunction and heart failure in patients who require frequent right ventricular (RV) pacing due to AV block. The Biventricular versus Right Ventricular Pacing in Heart Failure Patients with Atrioventricular Block (BLOCK HF) trial enrolled patients with LVEF ≤50% and AV block requiring ventricular pacing. Patients received an ICD if they were eligible. The primary outcome of the time to death from any cause, an urgent care visit for heart failure that required intravenous therapy, or a 15% or more increase in the left ventricular end-systolic volume index was significantly reduced in the group who were randomized to biventricular pacing compared to RV pacing. Hospitalization for heart failure was also significantly reduced in the group of patients who received CRT alone (mean LVEF 43%) and were randomized to biventricular pacing [39] .
Variables Determining Response to CRT
Although randomized controlled trials have shown the clear benefit of CRT in patients with mild and severe HFrEF, studies have also highlighted that almost one-third of the patients receiving the device do not derive symptomatic benefit and are labeled non-responders. Various factors affect response rates including gender (women are more likely to respond), etiology of cardiomyopathy (nonischemic respond more than ischemic), degree of ventricular dyssynchrony, QRS morphology (left bundle branch block most responsive), QRS duration (≥150 ms most responsive), presence of atrial fibrillation (less response), lead position, degree of biventricular pacing and atrioventricular and interventricular pacing delays.
Patients with an ischemic etiology have been shown to derive less benefit from CRT [40, 41] . Heart failure patients with ischemic heart disease generally have areas of left ventricular scarring. Patients may also experience progression of coronary artery disease. Subendocardial fibrosis with consequent tethering may result in electrical resynchronization with no recovery of mechanical function. Finally, placement of the LV lead in a scarred area may lead to a suboptimal response.
Degree and pattern of dyssynchrony is an important determinant of response to CRT. Baseline QRS width and QRS morphology have been shown to correlate with the response. MADIT-CRT, RAFT and REVERSE trials clearly demonstrated more benefit of CRT in patients with wider QRS at baseline (≥150 ms) [36] [37] [38] 42] . Additionally, the benefit was largely restricted to patients with left bundle branch block (LBBB). Patients with right bundle branch block or nonspecific intra-ventricular conduction defect did not derive significant benefit [43] .
Left ventricular lead position has been investigated extensively as a potential response modifier. Considering the mechanism of CRT, it is axiomatic to think that placement of the LV lead in the most delayed segment will give the best result. Many small studies demonstrated better results with implantation of the LV lead in a lateral or posterolateral segment of the left ventricular wall [44] [45] [46] . However, data from MADIT-CRT did not show any difference in response between anterior lateral or posterior segmental position of the LV lead, although it did show worse outcome if the LV lead was placed in the apical segment as opposed to basal or midventricular segments [47] . Worse outcome with apical lead position was also shown in two other large studies [48, 49] . Placement of the LV lead in the most delayed segment as determined by echocardiographic tissue Doppler study [50, 51] or by recording the electrogram from the LV lead at the time of implantation have shown a more favorable outcome [52, 53] . However, this is not always possible. LV lead placement in an optimal position may be constrained by diaphragmatic pacing, coronary vein anatomy and presence of myocardial scar. Rarely, coronary venous access may not be possible due to anatomic variations or tortuosity. Surgical epicardial LV lead placement is done if transvenous LV pacing is not possible for these reasons, although it is more invasive.
Implantation of CRT devices in patients with atrial fibrillation and frequent ventricular ectopy poses another challenge. The response to CRT in these patients is suboptimal since they tend to have inconsistent true biventricular pacing [54] . Optimal management of atrial fibrillation and ventricular ectopy is critical to maximize CRT benefit in these patients.
Expansion of Indication of CRT
To date, the role of CRT is not well established in patients without a history of heart failure or in patients with heart failure and a narrow QRS and evidence of ventricular dyssynchrony on echocardiography [55, 56] . However, chronic right ventricular (RV) pacing in the setting of preexisting LV systolic dysfunction may justify biventricular pacing to prevent deterioration of LV function and cause left ventricular dyssynchrony. Results from the BLOCK HF trial discussed above support the role of CRT in these patients [39] .
Device Optimization
Device programmed atrioventricular and inter-ventricular pacing intervals can potentially affect the response to CRT. Although multiple small studies showed benefit of interval optimization, larger randomized trials have failed to show additional benefit [57] [58] [59] [60] [61] .
Practice Guidelines and Approach to Patients with Heart Failure for Device Therapy
Current evidence has firmly established the role of ICDs and CRT devices in patients with HFrEF. Patients should receive guideline-directed medical therapy i.e. ACEInhibitor or angiotensin receptor blocker therapy plus a beta blocker for a minimum of 3-6 months prior to receiving device therapy. Reassessment of LVEF should be performed prior to device therapy. Figure 1 provides an algorithm based on current guidelines published by the American College of Cardiology Foundation/American Heart Association/Heart Rhythm Society, Heart Failure Society of America and European Society of Cardiology [62] [63] [64] .
ICD therapy is recommended in patients with heart failure, LVEF ≤35%, and NYHA class II-III symptoms with a life expectancy greater than 1 year and without a history of psychiatric disorder for SCD prevention. ICD therapy is also recommended in patients with an ischemic cardiomyopathy and NYHA class I symptoms if the LVEF is ≤30%. In patients with a history of non-sustained VT or inducible sustained VT/VF during electrophysiology study, ICD placement is recommended if the LVEF is ≤40%. Patients with a recent MI (<40 days) or CABG do not benefit from ICD therapy.
CRT is recommended in patients with LVEF ≤35% and a QRS duration ≥120 ms and NYHA functional class II-III and ambulatory class IV. Patients without a LBBB should have QRS duration >150 msec. NYHA functional class IV patients should receive ICD only if eligible for concomitant CRT therapy.
Future Directions
Quadripolar LV Leads and Multisite LV Pacing
In order to maximize benefit and minimize complications of CRT (diaphragmatic pacing and high pacing thresholds), investigations continue to develop new pacing leads and pacing techniques. Quadripolar left ventricular leads give physicians the flexibility of choosing from multiple electrode pairs for pacing the left ventricle [65, 66] . These leads can also be used for multisite pacing, which may further enhance response to CRT [67] . Animal studies as well as recent small human studies have shown some promise for multisite pacing with a potential of better response to CRT [67, 68] .
Endocardial LV Pacing
Left ventricular pacing for CRT has traditionally been achieved either through transvenous access of the coronary venous tree or surgical epicardial placement of an LV lead. Both of these pace the left ventricle from the epicardium and may predispose patients with CRT to ventricular arrhythmias. However, as the natural activation of the left ventricle is from the endocardium to epicardium and the fast conducting His-Purkinje system is endocardial in location, pacing the left ventricle endocardium may be more physiological. Small studies have evaluated endocardial pacing but due to the potential risk of thromboembolism, this exciting approach still requires further evaluation [69, 70] .
Subcutaneous ICD
Lead malfunction and complications including device infections are unfortunate complications of cardiac implantable device therapy. Recently, rising use of defibrillators and recognition of lead-related complications has led to the development of a completely subcutaneous ICD [71, 72] . Safety and efficacy has been established and the device is now commercially available for implantation at some centers.
Reduction of Inappropriate and Unnecessary ICD Shocks
Since the inception of ICD therapy, concern has been raised about myocardial damage due to ICD shocks. There has been an ongoing effort to reduce the incidence of inappropriate and unnecessary shocks from supraventricular tachycardia or nonsustained ventricular tachycardia. Recent studies have shown that conservative ICD programming including anti-tachycardia pacing during ICD charging, higher therapy cutoff rates and longer detection intervals have helped reduce the incidence of unnecessary ICD shocks while maintaining safety [73] [74] [75] . Appropriate ICD programming is an important aspect of management of patients with ICD.
CONCLUSIONS
Large clinical trials have established the role of cardiac implantable electronic devices in the management of patients with HFrEF. However, use of these devices requires careful patient and device selection and implantation process. Various characteristics including LVEF, QRS width and morphology, requirement of pacing and other comorbidities should be taken into account in making the decision for implantation and the choice of the type of device. Follow-up for appropriate device management optimizes the benefit and prevents adverse and unpleasant effects of the device including unnecessary shocks. New implantation approaches and improvement in device programming algorithms have streamlined the management of these patients. Ongoing research in device design is under way to make more efficient systems with a goal to minimize the risks. Additionally, research continues to target device therapy for the most appropriate patients. 
